Exposure to UVA radiation of SV40 DNA substituted with bromodeoxyuridine (BrdU) in the presence of Hoechst dye 33258 results in the production of uracil. The yield of uracil was determined by measuring the increase in the singlestrand break (SSB) yield after incubation of the photolyzed DNA with uracil-DNA glycosylase (UDG) in the presence of the tripeptide lysyl-tyrosyl-lysine (KYK). UDG removes uracil to leave an abasic site which is then cleaved to a SSB by KYK. The SSB yield was quantified by digital video imaging of ethidium fluorescence after separation of the I, II and in forms of SV40 DNA by agarose gel electrophoresis. Uracil is not detected when photolysis is carried out in the absence of the dye nor when unsubstituted DNA is used as the substrate. Without UDG or KYK treatment, the F o for the loss of form I DNA is 100 J/m 2 . This falls to 13 J/m 2 after incubation with UDG and KYK, indicating that uracil formation is ~5-fold more efficient than SSB formation. Formation of uracil suggests a mechanism for the high cellular toxicity of the dye-BrdU-UVA treatment
Introduction
Uracil, although normally confined to RNA, is also incorporated into DNA from dUTP (despite the activity of deoxyuridine triphosphatase; Mosbaugh, 1988; Savva et al., 1995) , and formed by spontaneous deamination of cytosine. The latter event is mutagenic if left uncorrected (Lindahl, 1982) . Another route to uracil formation in DNA is by photolytic dehalogenation of DNA containing bromodeoxyuridine (BrdU) or iododeoxyuridine (IdU) (Hutchinson, 1973; Hutchinson and Kohnlein, 1980) . BrdU and IdU are thymidine analogs which may be incorporated into replicating DNA. Uracil yields have been measured in a number of systems following UVC and/ or UVB (<320 nm) irradiation and can account for ~80% of the photoproducts observed in brominated DNA (Hutchinson, 1973) .
Brominated and iodinated DNA has been the subject of extensive investigation, in large part because it has been known for many years to be sensitized to the action of both UV (Greer, 1960) and ionizing radiation (Szybalski and Djordjevic, 1959) . The focus of our laboratory has been to study the mechanisms of DNA damage [particularly double-strand break (DSB) formation] by ionizing radiation and to interpret die consequences of such lesions in cellular systems. To this end we have made use of both BrdU and IdU to increase the yield of cellular DSBs resulting from UV and ionizing irradiation.
More recently, we have made use of a further photosensitizer, Hoechst dye 33258 (referred to as 'the dye') to enhance the photosensitivity of brominated DNA to the low energy region of the UV spectrum, namely UVA (>320 nm) (Limoli and Ward, 1993 , 1994a ,b, 1995 . We have termed this procedure dye-BrdU-UVA photolysis. We describe here characterization of die products of this photolysis regime in an SV40 model system.
Materials and methods
Reagents and DNA substrates Uracil-DNA glycosylase (UDG) was obtained from Epicentre Technologies (Madison, WT). The SV4O DNA used in this study was either regular unsubstituted DNA or else had 4.2% of the thymidine residues replaced with BrdU, corresponding to a mean of 130 BrdU residues per SV40 molecule. The preparation of these substrates has been described previously (Limoli and Ward, 1994a) .
UVA photolysis
The procedure used to UVA irradiate samples of DNA is essentially identical to that described previously (Limoli and Ward, 1994a) . Briefly, the DNA (50 Hg/ml) was exposed to UVA radiation in the presence of Hoechst dye 33258 (10 |ig/ml) in a buffer comprising 10~2 mol/dm 3 phosphate, pH 8, and 2X10" 2 mol/dm 3 NaCl. The samples were irradiated at a fiuence rate of 2.5 W/m 2 on a conventional transilluminator fitted with a cut-off filter (Schott Glass WG-320; Fish-Shurman, New Rochelle, NY) to eliminate UVB wavelengths (those below 320 nm).
UDG and tripeptide lysyl-tyrosyl-lysine (KYK) treatments
DNA samples prepared and photolyzed as described above were then subjected to a 1 h incubation at 37°C under one of the following four conditions: (i) in the presence of KYK; (n) in the presence of UDG; (ii) in the presence of UDG and KYK; (iv) in the absence of KYK and UDG. In all cases a 10 nl aliquot of irradiated DNA was added to an equal volume of reaction buffer, so that samples contained 10~2 mol/dm 3 phosphate, pH 8, 100 Hg/ml bovine serum albumin (BSA), 10~2 mol/dm 3 NaCl, 5 ng/ml Hoechst dye 33258 and 500 ng DNA. Unless otherwise indicated, the final concentration of KYK was 10~3 mol/dm 3 and the final activity of UDG was between 0 and 1 U/reaction.
Electrophoresis and estimation of strand break yields
These procedures have been described previously (Limoli and Ward, 1994a) . Figure 1 are the results of typical experiments in which SV40 DNA was UVA irradiated. The fraction of supercoiled plasmid remaining after UVA treatment was determined by agarose gel electrophoresis. As the UVA fiuence increases, the fraction of supercoiled plasmid decreases. The dye and incubated in the absence of KYK fell to 9.5X10 2 J/m 2 (an increase in sensitivity of ~300-fold). Again, the presence of KYK had no effect. When BrdU-substituted DNA was irradiated in the presence of the dye and incubated in the absence of KYK the F o fell further to 1.0X10 2 J/m 2 (an additional increase in sensitivity of ~ 10-fold, again unaffected by the presence of KYK). The foregoing values are listed in Table I .
Results

Shown in
A number of experiments were carried out to characterize the reactivity of KYK. We showed that a 1 h incubation with 10~3 mol/dm 3 KYK was sufficient to convert all abasic sites (introduced by acidic treatment) to breaks. Other controls indicated that the presence of the dye, glycerol or protein (bovine serum albumin) did not inhibit the action of KYK under these conditions (data not shown). Figure 2 shows how BrdU-substituted DNA which was UVA irradiated in the presence of dye responds to incubation in the presence of UDG and KYK. The fraction of supercoiled DNA remaining is plotted against the UDG activity. Relatively small doses (5-20 J/m 2 ) produce large numbers of DNA lesions which form strand breaks after UDG and KYK treatment. Increasing the UDG activity above ~0.02 U does not enhance the yield of strand breakage further. Moreover, the lack of enhanced break yields observed at UDG concentrations in excess of 0.02 U suggests that the activity of UDG at lower concentrations (<0.02 U) was not compromised by the presence of the dye and KYK.
The results plotted in Figure 2 are represented as a yielddose plot in Figure 3 . In this case the yields are plotted at a UDG activity of 0.02 U. Measurements made in the absence of KYK are also included. The F o values for these two sets of conditions are 38 J/m 2 (absence of KYK) and 13 J/m 2 (presence of KYK) and are listed in Table I .
Discussion
Both previous work (Limoli and Ward, 1993 , 1994a ,b, 1995 and the results shown in Figure 1 demonstrate that the sensitizing effects of BrdU and Hoechst dye 33258 on UVA irradiation of DNA are synergistic. Although the presence of the dye causes a substantial sensitization of ~300-fold, BrdU substitution results in a further increase in sensitivity of ~ 10-fold (see Table I ). The increased absolute SSB yields reported here are due to two effects (Limoli and Ward, 1994a) . Firstly, we have now included an enzyme incubation step (with UDG and KYK), which requires elevated temperatures (37°C for 1 h). Such conditions have been shown to increase SSB yields, presumably by hydrolysis of labile sites (Jones et ai, 1994) . This, however, will not affect the relative strand break yields reported here, since all experiments included a 1 h 37°C incubation. Secondly, we have now decreased the ionic strength (from 0.13 to 0.02 mol/dm 3 NaCl), in order to promote attraction between the positively charged tripeptide KYK and the negatively charged DNA (Pierre and Laval, 1981) . Hypotonic conditions also permit a stronger interaction between the dye and DNA, leading to an increased efficiency of photochemical reactions (Loontiens et al., 1990) . The dependence of strand break formation on UDG concentration is shown in Figure 2 . Excess UDG results in a slightly decreased SSB yield. Similar behavior has been reported by others who examined its mechanism of action (Higley and Lloyd, 1993) . When a yield-dose plot is constructed at the UDG concentration which results in the highest SSB yields (i.e. 0.02 U) it is possible to arrive at an estimate of the F o fiuence for UDG treatment both in the absence and presence of KYK (Figure 3 and Table I ).
These results imply that UDG is recognizing two different types of damaged site. The abasic sites created by UDG are converted to SSBs by the action of KYK. Since UDG is reported to exhibit no AP lyase or endonuclease activities, the cause of the decrease in F o after UDG incubation in the absence of KYK remains unclear. However, we assume that the decrease in F o (from 38 to 13 J/m 2 ) caused by the presence of KYK represents uracil formation in the UVA-irradiated DNA. The F o value for uracil production is therefore (1/13 -1/38)" 1 = 19 J/m 2 . Since F o in the absence of UDG and KYK treatment is 100 J/m 2 , it appears that the yield of uracil formation is ~5-fold greater than the SSB yield. At least two explanations may be advanced to account for this.
Firstly, the photochemical reaction resulting in formation of uracil involves debromination of the DNA to form a uracilyl radical intermediate. This species is known to be capable of abstraction of the C 2 hydrogen atom from a neighboring deoxyribose ring (Hutchinson, 1973) . The C 2 radical may lead to a SSB, which if formed would be flanked on its 5'-side by a uracil base, although this event would not be detected with the assay we employed here. The higher yield of uracil than of SSBs reveals that uracil is more often produced in the absence of a SSB and that uracil formation does not necessarily involve strand breakage. This suggests that uracilyl radicals can abstract hydrogen atoms from sites (possibly including the dye) which do not result in SSB formation.
Secondly, there is the question of the substrate specificity of UDG. Until recently it was assumed that UDG recognized only uracil and 5-fluoro-2'-deoxyuridine. BrdU is not a substrate (Hatahet et al., 1994) . It has now been shown that both 5-hydroxy-2'-deoxyuridine (Hatahet et al., 1994) and isodialuric acid (Zastawny et al., 1995) are also substrates. It is conceivable that these modified uracils could be formed by oxidation of the uracilyl radical (Hutchinson and Kohnlein, 1980) . Neverthless, whatever the nature of the structures which are recognized by UDG, they are presumably also substrates for UDG in vivo. Because of the synergistic relationship discussed above, DNA damage should tend to be concentrated in those regions where both bromine substitution and dye binding are greatest (Limoli and Ward, 1994a) . Formation of uracil and strand breaks in close proximity to one another in vivo may result in a more rapid enzymatic removal of uracil, since UDGs remove uracil from ssDNA ~2-fold faster than from dsDNA (Eftedal et al, 1993; Purmal et al., 1994) . This suggests a possible explanation for the post-photolytic increase in DSB yields observed in V79 cells, although an AP endonuclease would need to be present (Limoli and Ward, 1994b) . Treatment with inhibitors of UDG, such as the 6-(p-alkylanilino)uracils (Focher et al., 1993) , should provide a test of the hypothesis that endogenous repair pathways which remove uracil inadvertently lead to the formation of lethal lesions. We have previously argued that the marked toxicity of the dyeBrdU-UVA combination might be associated with such complex or clustered lesions, which may include various combinations of DNA strand breaks, DNA-protein crosslinks and base damage (Guo et al., 1986; Limoli and Ward, 1993 , 1994a ,b, 1995 .
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In summary, we have described the quantification of uracil and related lesions which are recognized by UDG, following photolysis of bromodeoxyuridine-substituted DNA by UVA light in the presence of Hoechst dye 33258. Determination of the photolytic yield of these base damages depends upon the enhancement in SSB yield (measured by the conversion of supercoiled DNA to nicked open circle DNA) following incubation in the presence of UDG and KYK. Conversion of abasic sites, resulting from removal of base damage recognized by UDG, to DNA strand breaks by the tripeptide KYK provides an easy way which could be adapted to quantify the yield of a variety of lesions. Thus the present methodology could be applied in comet assays and cellular studies of deamination (Fairbairn et al., 1995; Tice, 1995) , where a knowledge of the number of abasic sites and base damages would be useful.
